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Wind turbines for electric power generation has become a widespread notion as it is one of 

the cleanest and safest ways to meet the enormous demand of power without causing any 

significant harm to the environment. In this experimental research, the potential of wind 

energy and its possible application in household heating by converting wind power to 

thermal power via hydraulics is explored.  

The experimental set-up comprised of an AC-motor attached to a variable displacement 

pump, a frequency converter, a pressure relief valve and several other equipment including 

sensors for data measurement. Hardware in-the-loop (HIL) simulation is applied where, the 

virtual turbine model developed in Simulink and integrated with dSPACE controller controls 

the AC-motor to generate flow. Regulation of valve orifice creates pressure drop, as a result, 

heat is generated which is measured in terms of thermal power.     

Horizontal axis wind turbine (HAWT) is chosen as the virtual turbine model whose design 

parameters are as same as the real Aeolos wind turbine model. The output power obtained 

from the real-time simulation is compared with the power curve of the Aeolos turbine to 

validate the performance similarities between the two.    
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NOMENCLATURE 

Latin alphabet 

A Turbine swept area  𝑚2 

a Induction factor   

𝐴𝑜  Valve orifice area 𝑚2 

𝐶𝑑 Valve discharge coefficient   

𝐶𝑃 Turbine power coefficient   

𝐶𝑡 Turbine torque coefficient   

𝐶𝑣 Flow coefficient   

n Pump speed 𝑟𝑎𝑑/𝑠 

𝑃1 Pump inline pressure 𝑁/𝑚2 

𝑃2 Pump outlet pressure 𝑁/𝑚2 

𝑃𝑇 Turbine power W 

𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 Thermal power W 

Q Oil flow 𝑙/𝑚𝑖𝑛 

R Turbine radius 𝑚 

sg Specific gravity  

𝑇𝑇 Turbine torque 𝑁𝑚 

𝑇𝑚 Motor torque 𝑁𝑚 

𝑈𝑐 Turbine tip velocity  𝑚/𝑠 

𝑉𝑤𝑖𝑛𝑑 Wind velocity 𝑚/𝑠 

𝑉𝑔 Pump geometric volume  𝑚3/𝑠 

 

Greek alphabet 

𝜌 Air density 𝑘𝑔/𝑚3 

𝜃𝑚 Motor shaft speed 𝑟𝑎𝑑/𝑠 

𝜌𝑜𝑖𝑙 Oil density  𝑘𝑔/𝑚3 

∆𝑃 Pressure difference 𝑁/𝑚2 

𝛽 Rotor pitch angle  𝑑𝑒𝑔𝑟𝑒𝑒𝑠 

𝜔𝑇 Turbine angular speed 𝑟𝑎𝑑/𝑠 

𝜆 Turbine tip speed ratio  
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Acronyms 

ABB Asea Brown & Boveri 

ADC Analog-to-digital converter  

BEM Blade element method 

DAC Digital-to-analog converter 

HIL Hardware-in-the loop 

HAWT Horizontal axis wind turbine  

IEHEC Integrated electro-hydraulic energy converter  

VAWT Vertical axis wind turbine  
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1 INTRODUCTION 

Today, wind energy has become one of the fastest growing renewable energy resources in 

the world. Although, wind energy has been in use since ancient times as a source of power 

but, as time and technology progressed it gave rise to the discovery of fossil fuels such as 

coal, oil and natural gas and since then its availability made humans build machines like gas 

turbines, internal combustion engines and thermal power plants by burning coal and gas. 

Since the second half of the eighteenth century until today the extraction of fossil fuels which 

took several millions of years to form have started indicating its depletion significantly 

(Andrews and Jelley, 2007). As we can see from Figure 1-1 that starting from now until 2040 

the consumption of coal is predicted to be stagnant and eventually declining while the 

consumption from renewable sources is making a rapid progress. This shows that humans 

have finally taken climate change and the adverse effects of generating harmful gases like 

CO2, CO etc. from fossil fuels as a serious subject. Therefore, the urge of generating clean 

energy through renewable sources like wind, solar and hydro has become indispensable 

(Leung and Yang, 2012). 

 

 

Figure 1-1: Energy consumption scenario (Energy international Administration (EIA), 2017) 

 

Among all the available renewable resources in the world, wind energy and its effective 

utilization in transforming to other kinds of energy is going to be the central focus of this 

research. Although, the use of wind turbines for grinding, pumping and later electricity by 
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attaching generators on the same shaft is widely known but, the energy losses incurred due 

to fluctuations in converting the available kinetic energy from the wind to mechanical and 

ultimately electrical paved a way to think about other energy converters like hydraulics.   

The main idea of this research is to demonstrate a method to couple a horizontal axis wind 

turbine with a variable displacement hydraulic pump such that the wind power harnessed by 

the turbine can be converted directly with minimum losses into thermal energy for house 

heating. However, in the experimental work, an ac-motor is used instead of a wind turbine 

in such a way that with the help of a frequency converter the speed of the motor is controlled 

and emulated like a wind turbine.  

The emulation of the motor was carried out by implementing Hardware in-the-Loop (HIL) 

simulation where, a virtual mathematical model of a horizontal axis wind turbine (HAWT) 

developed in Simulink is integrated with a dSPACE controller hardware containing several 

real-time processors. This integration between Simulink software and dSPACE control 

system creates an environment where, the hydraulic test bench is operated in real-time with 

the slightest procedural delay (Hedinger and Schär, 2011).   

The configuration of the HAWT turbine model was chosen in such a way that its maximum 

power output in kilowatts range close to the maximum shaft power of the motor. Aeolos 

horizontal axis wind turbine with a rated power of 10 kW was used in the simulation whose 

configuration is mentioned in section 4.6. Other hydraulic components include pressure 

relief valve for flow control which enables to set the optimum orifice diameter to meet the 

optimum performance of the wind turbine under investigation. The pressure relief valve is 

manually operated in such a way that flow is constricted by rotating the valve clockwise and 

allowed to pass through the circuit by rotating it in anti-clockwise. At the set orifice diameter 

pressure drop is created because of constriction of the flow, thereby generating heat. This 

heat could be utilized for house heating without any significant loss from the system. Figure 

1-2 represents a schematic of a novel house heating system. 
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Figure 1-2: Schematic representation of a novel house heating system 

1.1 Background information 

This research work follows the procedure of previous work’s experimental set-up but with 

different system parameters and configurations. The empirical study of real time simulation 

of an Integrated Electro Hydraulic Converter (IEHEC) motor emulating a Savonius rotor 

which is a vertical axis wind turbine was carried out (Kingsley Chima, 2015). Savonius wind 

turbine was chosen for various reasons like good starting features, ease of design and 

maintenance, low inertia and ability to face wind from any directions thereby, eliminating 

the possibility of a pitch control system (Maldonado et al., 2014). The operation was carried 

so that angular speed was given as an input to the real system and with the available data 

from the previous research of torque coefficient (𝐶𝑡) versus the tip speed ratio (𝜆) of the 

prototype of Savonius rotor the optimum system parameters were calculated by changing 

the valve orifice area. Wind speed ranging from 2 m/s to 12 m/s for a certain period was 

given as an input to the virtual turbine model in Simulink to observe the performance of the 

real system. 



11 

 

Similar work had been carried out before Kingsley’s work but the virtual simulation of the 

Savonius turbine was performed in Simulink with different hydraulic system parameters and 

with the aim to study the possibilities of installing a hydraulic house heating system in 

remote locations where the access to electricity grid is difficult, and the investment 

calculations of such a system (Herpiö, 2014). 

Wind data obtained from the Finnish Meteorological Institute for 168 hours was used as an 

input to the virtual Savonius turbine model coupled to a hydraulic circuit. This fluid power 

circuit was developed using lumped parameter model which utilizes ordinary differential 

equations to calculate the physical parameters of the simulated system.  

1.2 Objective of the research problem 

The objective of the research is to demonstrate a novel house heating system by practically 

testing an AC-motor emulating a horizontal axis wind turbine connected to a variable 

displacement pump. The maximum power of the AC-motor is 7.5 kW. Thus, a wind turbine 

model is chosen so that the maximum power of the turbine is in the range of 7.5 to 10 kW, 

and the system parameters is tested and analyzed for the maximum power of the motor.  

The emulation of the AC-motor is carried out with the help of a frequency converter in which 

the output torque of a virtually simulated turbine model developed in Simulink is supplied 

as an input signal in real time and in return the angular speed of the motor is fed back into 

the system to measure the characteristic curve of the tip speed ratio (𝜆) with respect to the 

power coefficient (𝐶𝑝) of the turbine. A schematic of a real time interaction between the 

controller and the hydraulic system is presented in section 2.2. The performance of the motor 

is observed under two different operating conditions of wind turbine for 2 different pitch 

angles. Furthermore, the optimum orifice diameter is estimated to find the best suitable 

operating parameters of the wind turbine without crossing the limit of the Aeolos turbine 

which is under investigation. Finally, thermal power corresponding to maximum turbine 

power is calculated including the temperature increase due to the heat generated by the 

pressure drop across the orifice.  
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2 LITERATURE REVIEW 

2.1 Wind mills: historical background 

The idea of harnessing power from wind date back to centuries ago around 5000 BC, when 

ancient Egyptians used wind energy as a means to propel their boats along the river Nile [see 

Fig.1] and later the technology of wind energy progressed further around 200 BC and took 

its first steps toward the development of vertical-axis wind mills found in the Persian-Afghan 

borders as shown in the Figure 2-2 followed by the horizontal-axis wind mill in the 

Netherlands much later (1300 – 1875 AD) (Kaldellis and Zafirakis, 2011).  

The Dutch were far ahead in terms of producing windmills for several applications and, 

around 9,000 windmills operated across the country. The technology used to build those 

machines were sophisticated in terms of aerodynamics and was made largely made of wood 

(Ghassemi et al., n.d.). However, they were designed sensible for the purposed they served. 

The mode of operation in terms of positioning the windmill with utmost accuracy according 

to the direction of the wind was also completely carried out by hand in such a way that a 

rotating wheel at the ground was attached to the main rotor by a rope and was yawed by the 

miller.  

The word windmill referred during those ages were due to its application which were 

completely non-electrical like grinding or milling of wheat or corn and turning it into flour 

for bread-making. However, there were many other applications including grinding of 

spices, manufacturing of gun powder, extracting oil from oil seeds, grinding of colored 

powder into dyes, manufacturing of snuff tobacco and water pumping which was one of the 

major applications in Europe in the pre-industrial revolution era (Lincoln and Times, 2012).  
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Figure 2-1: 5000-year old ancient Egyptian sail boat (Lincoln and Times, 2012) 

 

Figure 2-2: Ancient vertical-axis windmill near Iran-Afghan border (Lincoln and Times, 

2012) 

 

Further evolution and development of these systems were carried out in the USA during the 

19th century when around 6 million of small sized wind turbines were utilized for water 

pumping between 1850 and 1970 [see Figure 2-3 ] (Kaldellis and Zafirakis, 2011). Though, 

the design of the windmills in the United States were different from that used in European 

countries like Denmark, The Netherlands, England, Spain, France, Belgium and the Italian 

states, Inventors there came up with their own term which then became as the “American 

farm windmill”. Accustomed to a land with the abundance of wind but little rain, the 

American wind mill were small, inexpensive, movable and easy to maintain. It made 

agriculture possible by bringing groundwater into the surface of an arid area (Pasqualetti, 

Righter and Gipe, 2004). 
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Figure 2-3: The evolution of wind turbines (Kaldellis and Zafirakis, 2011) 

2.2 State of the art technologies: 

2.2.1 Horizontal Axis Wind Turbine (HAWT) 

As technology of harnessing power from the wind expanded rapidly, the design, 

configuration of modern horizontal and vertical axis wind turbine including several changes 

in the nomenclature emerged in last 3 decades. The typical configuration of a horizontal axis 

wind turbine (HAWT) is presented below [see Figure 2-4]. The standard sub-systems which 

provides the complete wind energy conversion systems are: (1) the rotor, (2) the drive train, 

(3) the nacelle structure – housing where the drive train, generator and other power 

conversion systems are located, (4) the tower, (5) the foundation, and (6) the ground 

equipment station. Further description of all the components are mentioned below. 
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Figure 2-4: Principle components of a HAWT. (a) Upwind with teetered-hub rotor. (b) 

downwind rotor with rigid-hub. (Spera, 2009) 

 

HAWT rotors are often called as “Propeller type” in a way that several principles related to 

the aerodynamics and structural dynamics of an aircraft propeller are similar for HAWT 

rotors. However, HAWT rotors, unlike aircraft propellers, does not accelerate the air flowing 

past them, but in turn decelerate to harness maximum power based on its capability in terms 

of its size and design. Moreover, the tip speeds of a HAWT (often less than Mach 0.2) are 

much lower than an aircraft propeller  (Spera, 2009). This opens the topic of tip speed ratio 

which is one of the most important parameters regarding the performance of a HAWT. It is 

the ratio of rotor blade’s tip speed to the speed of the free stream wind. The mathematical 

description of the tip speed ratio is explained more in detail in section 2.3 of chapter 2. As 

mentioned in Figure 2-4 the components of the HAWT are as follows: 

Tower: the tower provides support to the nacelle and the rotor thereby, holding them in air. 

The tower should be built strong in such a way that it can withstand the weight of all the 



16 

 

components resting on top it and should be able to handle extreme forces of wind which 

might break the tower easily if it is not strong. There have been significant changes in the 

design of the tower since decades where, lattice towers like the overhead transmission lines 

in appearance used once. However, modern HAWT are equipped with tubular sized towers 

in a cylindrical form with solid metal structure (Jha, 2011) 

Foundation: the foundation of the turbine is made in such a way that it can withstand all the 

forces without being turned in any direction, tipped over or cracking down from some point 

resulting in a catastrophic disaster. Unlike tall buildings which has huge area on ground, 

wind turbines have considerably smaller area on ground. Therefore, a large concrete 

foundation underneath the ground is required to support the entire structure (Jha, 2011). 

Nacelle: the nacelle, along with the rotor and tower is one of the three major parts of a wind 

turbine. The nacelle does not rotate with respect to the hub and the rotor but, it rotates with 

respect to the tower and this rotating motion is called as yaw. The yaw motion is carried out 

in such a way that it orients the turbine according to the direction of the wind. This operation 

is undertaken with the help of yaw gears and motors located inside the nacelle. The nacelle 

of a horizontal axis wind turbine [see Figure 2-5] aids the following purposes:  

It provides housing for the power conversion systems like gearbox which connects the low 

speed shaft of the turbine rotating approximately around 15 to 24 rpm to a high speed shaft 

of a generator rotating around 1500 to 1800 rpm (Jha, 2011), transformers, hydraulic motors 

for yaw control. 

Anemometer placed on top of the nacelle whose purpose is to measure the wind’s speed and 

direction so that it could generate signals and control the yawing action by orienting the wind 

turbine to the direction of the wind. Three cup anemometers are typically used in modern 

wind turbines where, the rotational speed of the cups change according to the wind speed. 

The cyclical change in the speed of the cups determine the wind direction and the average 

speed of the cups measure the wind speed (Alberti and Thomas, 2009). 
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Figure 2-5: Components of a HAWT (Wood, 2011) 

 

Rotor hub types: there are 2 general types of rotors teetered and rigid (Spera, 2009). 

Today’s modern wind turbines with three blades has rigid hub bolted with each rotor and 

fixed with the turbine shaft. Thus, the blades act like a cantilever beam transmitting all its 

forces from root to the tip. However, two bladed rotors are usually teetered as shown in 

Figure 2-4(a). For three bladed rotors teetering is not required as it provides dynamic stability 

to the complete system, but for two bladed rotor the hub faces uneven forces during a sudden 

change in the wind speed especially when one rotor is at the top and the other is at the bottom. 

The upper rotor would face more thrust than the bottom one causing the hub to experience a 

dynamic load. However, “the hub is attached to the main drive shaft through a hinge called 

teeter hinge” (Hansen and Butterfield, 1993), and this reduces the dynamic loading which is 
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caused due to un-symmetric mass moment of inertia. This hinge or also called as teeter 

bearing permits the rotor to swift by (less than ± 10 degrees) with respect to hub thereby 

imparting cyclic loads onto the blades (Spera, 2009).  

HAWT, along with the classification based on the articulation of its rotors, they are also 

classified based on their orientation (Hansen and Butterfield, 1993). Downwind and upwind 

rotors are distinguished based on their position with respect to the tower. Downwind rotors 

are slightly deflected away from the tower. This angle is generally called as coning angle 

[see Figure 2-4]. Coning help balance the aerodynamic loads with centrifugal loads.   

2.2.2 Vertical Axis Wind Turbine (VAWT) 

Vertical axis wind turbines (VAWT) are the type which in early days were used as a wind 

energy extractor unlike today where, horizontal axis rotors are most commonly used 

everywhere for high efficiency and other reasons. Also, those vertical axis rotors were drag 

based rotors which are called as ‘Savonius rotor’ which can be seen in rooftops, gardens, 

and the design of the cup shaped anemometers which are found in today’s modern wind 

turbines are basically the examples drag based Savonius vertical axis rotors (Hau, 2012) 

However, vertical axis wind turbines are classified based on their types and constructional 

design. Generally, the types are characterized based on the way they extract wind power 

which can be due to the aerodynamic lift acting on the blades because of the pressure 

difference on the top and bottom surfaces or can be due to the aerodynamic drag acting on 

the cusped region of the blades as you can from Figure 2-6. 

 

 

Figure 2-6: types of VAWT (Casini, 2015) 
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There are several advantages using vertical axis rotors: 

• Low cost compared to HAWT. 

• Easy to build and maintain. 

• Ability to operate in any wind condition and less sensitive to the wind direction 

unlike HAWT (Kanyako and Janajreh, 2014) . Therefore, neither nacelle nor yaw 

mechanism are required. 

• All the power conversion components are located on the ground making it much 

easier for maintenance.   

  As far as performance is concerned, one of the major disadvantages of vertical axis rotors 

are its efficiency, which is only around 35-40% unlike the horizontal axis rotors which have 

efficiencies around 50% (Jakubowski and Starosta, 2017). Moreover, the aerodynamics of a 

VAWT is complex compared to HAWT where, the torque produced on each blade by the 

incoming wind is constant regardless of changing its pitch angle but, on the other hand, for 

vertical axis rotors, entire flow distribution over the wings change according to the blade’s 

angular position. The aerodynamics of a wing is usually analyzed with the help of velocity 

triangle diagram as shown in the Figure 2-7. From this figure, it clearly shows that the forces 

acting on each blade is different at different angular position. 

 

Figure 2-7: Forces and velocity triangle diagram on a Darrieus rotor (Mohamed, 2012) 
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Thus, for lift based Darrieus rotors, an initial torque is required to start the rotor movement 

and it is usually done by a starter motor or the generator.     

 

2.2.3 Variable speed and fixed speed wind turbines 

The earliest wind turbines though were considerably simple and easy to operate, their 

applications such as pumping water and grinding didn’t require much of a varying speed 

operating turbine and it seldom affected the effectiveness of the windmill in controlling its 

rotational speed (Carlin, Laxson and Muljadi, 2001). However, allowing the turbine to rotate 

at varying speed is highly advantageous in comparison over fixed speeds as it possesses a 

broad range of optimum operating condition. Moreover, it also enables the turbine to extract 

maximum energy out of the wind. The aerodynamic efficiency of a wind turbine depends on 

several factors like the angle of attack, blade length, blade twist, airfoil shape and rotor’s 

revolutions per minute (rpm). These parameters must be optimized for any wind condition. 

Figure 2-8 shows a graph of a turbine’s power production in kilowatts with increasing wind 

speeds in meters per second while rotating at a constant speed of 50 rpm. We can notice that 

although the power increases with the wind speed up to a certain limit but drops suddenly 

after some point regardless of the increment in the wind power. This is because the angle of 

attack increases as the wind speed increases, and since the rotor speed is held constant the 

flow past the blade separates causing it to stall thereby, reducing the power harnessing 

capability of the turbine. 

‘  

Figure 2-8: Measured power curve for a fixed speed of 50 rpm (Carlin, Laxson and 

Muljadi, 2001) 
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2.2.4 Performance aerodynamics of HAWT: 

“Any moving object has energy and this type of energy is called kinetic energy” (Jha, 2011). 

A wind turbine is a machine which extracts this kinetic energy available in the wind and 

produces certain amount of power. However, there is a limitation for every wind turbine 

based on numerous factors like size, design, location, availability of the wind etc. to harness 

maximum amount of power. But, there exist a maximum theoretical limit beyond which no 

practical wind turbine has ever been able to produce power regardless of its design, and this 

limit is called as Betz limit which states that: “no more than 59% of the kinetic energy 

contained in a stream tube having the same cross section as the disc area can be converted 

to useful work by the disc” (van Kuik, 2007) after Albert Betz, a German Aerodynamicist 

who developed the universal theory about wind machines at the Göttingen Institute in 

Germany (Ragheb, 2014).  

However, as this maximum efficiency of a wind turbine is named as the ‘Betz limit’, a British 

scientist named Lanchester had also derived the same theory before Betz in 1915 as found 

by Bergey (van Kuik, 2007). Also, during the First World War another famous Russian 

scientist named Joukowsky had been working on the theories of wind turbine and rotor 

dynamics of a helicopter propeller and derived the ‘Lanchester-Betz’ theory in the same year 

as Betz did in 1920. Moreover, because of the war, communications between England, 

Germany and Russia were hard and it made reasonable to assume that none of them were 

aware of anyone’s publications. Finally, Betz limit was retained in the end.  

Rotor performance analysis is essential concerning with the estimations of average power 

output of the rotor and the aerodynamic loads acting upon the blades of the rotor (Hansen 

and Butterfield, 1993). Blade Element Method (BEM) is one of the most widely used 

technique for performance analysis, and that is because they can be applied to large varieties 

of rotors due to its accuracy and is also suitable for different flow conditions. Moreover, the 

computations can be carried out easily on the desktop computer.   

However, the aerodynamic theory focused in this chapter is the axial momentum theory 

which works based on control volume analysis for the conservation of momentum (Mourits, 

2014) unlike the blade element theory which is based on the analysis of forces acting on a 

blade section as a function of the incoming flow and the blade geometry. There are several 

assumptions made while deriving the momentum theory, and those are: the incoming flow 

is steady, inviscid, incompressible and axis-symmetric throughout the disc without any 

turbulence and production of wakes past the blades (Bontempo and Manna, 2017).      
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2.3 Axial Momentum Theory: 

“The function of a wind turbine is to extract energy from the air and to produce mechanical 

energy which later may be transformed into other forms of energy.” (Wilson, Lissaman and 

Walker, 1976). This theory was originated by W. J. M.  Rankine in 1865 and then later was 

improved by R. E. Froude. A brief description about the derivation is explained below. 

 

Figure 2-9. Control volume of a wind turbine (Wilson, Lissaman and Walker, 1976) 

 

Applying momentum theorem in the Figure 2-9 yields: 

 

𝑇 = 𝜌𝐴𝑈(𝑉∞ − 𝑉2) 

 

(2-1) 

Where, 𝑇 is the thrust of the rotor, 𝜌 is the density of the air in 𝑘𝑔/𝑚3, 𝑈 is the velocity of 

the free stream at the propeller in 𝑚/𝑠, 𝑉∞ is the stream velocity before it enters the control 

volume and 𝑉2 is stream velocity leaving the control volume. 

With the help of pressure, thrust of the propeller can be expressed as: 

 

𝑇 =  𝐴(𝑝+ − 𝑝−) 

 

(2-2) 

Where, 𝐴 is the area swept by the turbine rotor, 𝑝+ is the pressure upstream of the rotor and 

𝑝− is the pressure downstream of the rotor. 

By applying Bernoulli’s equation upstream and downstream of the control volume gives: 

 (2-3) 
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𝑝+ − 𝑝− =
1

2
 𝜌(𝑉∞

2 − 𝑉2
2) 

 

From equations (2-2) and (2-3) the trust obtained is: 

 

 

                              𝑇 =
1

2
 𝜌𝐴(𝑉∞

2 − 𝑉2
2) 

 

  (2-4) 

Finally, the velocity 𝑈 through the propeller is the average of the velocity of free stream 

before the turbine and after the turbine as stated in the equation (2-5)  

 

𝑈 =
(𝑉∞ + 𝑉2)

2
 

 

(2-5) 

The axial induction factor (𝑎) is defined as the drop in the free stream air velocity after 

passing through the propeller (Yujiong et al., 2015)  

 

𝑈 = 𝑉∞(1 − 𝑎) 

 

(2-6) 

As power absorbed by the rotor is equal to the mass flow rate times the change in kinetic 

energy. Therefore, 

 

𝑃 = 2𝜌𝐴𝑉∞
3𝑎(1 − 𝑎)2 

 

(2-7) 

The coefficient of power (𝐶𝑝) which represents the efficiency factor from wind power to 

turbine blade is can be written using equation (2-7): 

 

𝐶𝑝 = 4𝑎(1 − 𝑎)2 

 

(2-8) 

Furthermore, the derivation proves that the maximum power occurs when the induction 

factor 𝑎 is 
1

3
. Therefore, 

𝑃𝑖𝑑𝑒𝑎𝑙 =
16

27
(
1

2
𝜌𝐴𝑉∞

3) 

 

(2-9) 

The coefficient of power(𝐶𝑝) is equal to 
16

27
 which is, 0.593. See (Wilson, Lissaman and 

Walker, 1976) for the complete derivation of axial momentum theorem. With this, we can 

also say that if the velocity downstream of the turbine is third of the initial velocity then the 

turbine is said to have converted the optimal amount of kinetic energy from the wind to rotate 
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the turbine (Barrett et al., 2017), and would lower the speed by 2/3 of the initial speed of the 

wind.   

Coefficient of power (𝐶𝑝) and tip speed ratio (𝜆): 

The Power coefficient (𝐶𝑝) can be defined as, the fraction of power extracted from the wind 

to the total power available in the wind (Martinez, 2007).  

𝐶𝑝 =
𝑃𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑

𝑃𝑤𝑖𝑛𝑑
 

 

(2-10) 

Therefore, the power available in the wind would be: 

𝑃𝑤𝑖𝑛𝑑 =
1

2
 𝜌𝐴𝑉3 

 

(2-11) 

A wind turbine is typically classified based on a characteristic curve called 𝐶𝑝 − 𝜆 curve. 

Lambda (𝜆) is the tip speed ratio which is one of the most vital parameters determining the 

overall performance of any wind turbine. it is the ratio of the circumferential velocity of the 

rotor at the tip of the blade denoted as (𝑈𝑐) to the velocity of the wind 𝑉𝑤𝑖𝑛𝑑 (Wagner, 2013).  

 

𝜆 =
𝑈𝑐

𝑉𝑤𝑖𝑛𝑑
 

 

(2-12) 

However, this circumferential velocity also known as tangential velocity at the end of the 

blade could further be defined as the product of the angular velocity (𝜔) of the turbine and 

its radius (𝑅). Hence the tip speed ratio can further be defined as the ratio of the product of 

the angular velocity of the turbine and its radius to the velocity of the wind. 

𝜆 =
𝑅 𝜔𝑇

𝑉𝑤𝑖𝑛𝑑
 (2-13) 

The tip speed ratio plays a crucial role in determining the efficiency of a wind turbine. if 𝜆 

of the rotor is too small then it would cause the angle of attack (𝛼) which is, the angle of the 

chord of the blade with respect to the incoming wind to increase, and there exist a critical 

angle beyond which the flow past the turbine would separate and become turbulent thereby 

causing the turbine to stall. Stalling is a phenomena where, at larger angles of attack and due 

to the flow separation the lift acting on the blade starts decreasing resulting in a decrease of 

power extraction from the wind (Polinder et al., 2007). If 𝜆 is too large, the lift force would 
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increase and attain a maximum value and then drop afterwards ultimately leading to a drop 

in the overall power extraction. 
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3 METHODOLOGY 

3.1 Mathematical modelling of a wind turbine. 

In this work, the mathematical modelling of the wind turbine is based on the wind turbine 

model of MathWorks – the makers of MATLAB – Simulink software. The model is based 

on variable pitch angle (𝛽) and tip speed ratio (𝜆) which are the functions of the power 

coefficient (𝐶𝑝). The output power equation of this model is given by: 

𝑃𝑇 =
1

2
𝐶𝑝(𝜆, 𝛽) 𝜌 𝐴 𝑉3 (3-1) 

Where, 𝑃𝑇 is the mechanical output power of the turbine in (𝑊),  𝜌 is the density of air in 

(𝑘𝑔/𝑚3), 𝐴 is the turbine swept area in (𝑚), 𝑉 is the velocity of wind in (𝑚/𝑠) and 𝐶𝑝 , as 

mentioned above is the power coefficient which is a function of pitch angle in degrees and 

the tip speed ratio which is a dimensionless number defined by: 

𝜆 =
𝜔𝑇 𝑅

𝑉
 (3-2) 

Where, 𝜔𝑇 is the turbine rotational speed, 𝑅 is the radius of the turbine and 𝑉 is the velocity 

of the wind respectively. 

The power coefficient 𝐶𝑝 is depends on the aerodynamic characteristics of the wind turbine. 

There are several ways to calculate the (𝐶𝑝 − 𝜆) performance characteristics.  

The following generic equation is used for the modelling of 𝐶𝑝:  

𝐶𝑝 (𝜆, 𝛽) = 𝑐1 (
𝑐2

𝜆𝑖
− 𝑐3𝛽 − 𝑐4) 𝑒

−𝑐 5
𝜆𝑖 + 𝑐6 (3-3) 

Where, 𝑐1 = 0.5, 𝑐2 = 116, 𝑐3 = 0.4, 𝑐4 = 5, 𝑐5 = 21, 𝑐6 = 0.0068. These constants 

depend on the design of the turbine and change accordingly. Furthermore, 

1

𝜆𝑖
=

1

𝜆 + 0.08𝛽
−

0.0035

𝛽3 + 1
 (3-4) 

The equations (3-3) and (3-4) are based on numerical approximations which are developed 

in various literature to determine a reasonable 𝐶𝑝 − 𝜆 curve. Figure 3-1 shows 𝐶𝑝 − 𝜆 

characteristic curve of a fixed speed wind turbine where, the optimum value of performance 

coefficient denoted as 𝐶𝑝𝑚𝑎𝑥
 of 0.48 is obtained for only one particular value of 𝜆 denoted 
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as 𝜆𝑛𝑜𝑚 where, 𝜆𝑛𝑜𝑚 is the nominal value of the tip speed ratio of 8.1, and both are achieved 

for a pitch angle 𝛽 equal to 0 degrees. 

 

 

Figure 3-1: The 𝐶𝑝 − 𝜆 characteristics for different pitch angles (𝛽) 

 

One of the initial objectives of this research is to model the turbine in Simulink in such a 

way that the virtual simulation should be able to output the same characteristic curve of 𝐶𝑝 −

𝜆 for each pitch angle shown in Figure 3-1 which is taken from MathWorks – the makers of 

MATLAB-Simulink software documents of wind turbine outputting steady state power 

characteristics curve for varying pitch angles.   

Analogous to power, the torque of the rotor can also be calculated by dividing the turbine 

with the rotational speed. 

𝑇𝑇 =
𝑃𝑇

𝜔𝑇
 (3-5) 

Substituting the equation of power from (3-1) in (3-5) we obtain: 

𝑇𝑇 =

1
2 𝐶𝑝(𝜆, 𝛽) 𝜌 𝐴 𝑉3

𝜔𝑇
 (3-6) 

 



28 

 

Where, 𝑇𝑇 is turbine torque in 𝑁𝑚, inputted to the frequency converter via dSPACE 

controller. The virtual model of the horizontal axis wind turbine is developed in Simulink, 

and since the controller is integrated into Matlab-Simulink, it generates C / C++ code and 

convert the block diagram to real-time data with the help of several processors. This data is 

fed into the frequency converter where, the torque is generated due to the wind speed. A 

schematic of control flow between the dSPACE hardware and the real system is shown in 

the Figure 3-2. 

 

Figure 3-2: Control flow interaction  

 

The DAC – ADC is a signal board which enables the data flow from the controller to plant 

and a feedback response back to the controller. Angular speed of the turbine allows to 

measure the tip speed ratio thereby, the power coefficient. However, the 𝐶𝑝 − 𝜆 curve 

mentioned in Figure 3-1 shows that the optimum tip speed ratio is 8.1 when the turbine 

produce the maximum efficiency which is 48 % (𝐶𝑝 = 0.48) for zero pitch angle.   

3.2 Hardware in-the loop simulation  

What is hardware in-the loop simulation? 

Hardware-in-the-loop is a type of closed loop real-time simulation as shown in the Figure 

3-3 which combines the control hardware and embedded software with the actual physical 

system so that more realistic feedback can be obtained with minimum procedural delay.  

The control hardware used in this application is a dSPACE DS1103 controller with 

ControlDesk as its embedded software. This software bridges the virtual simulation model 
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of the turbine developed in Simulink with the real hydraulic system so that the performance 

of every component attached to the system can be analyzed with accurate feedback.  

   

 

Figure 3-3: Hardware-in-the loop simulation  
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4 EXPERIMENTAL SET-UP & SYSTEM DESCRIPTION 

This chapter describes the real time experimental work carried out using the hydraulic test 

bench [see Figure 4-1] in the laboratory of Intelligent Machines at Lappeenranta University 

of Technology, and the description of all the components involved in the process of testing.  

 

 

Figure 4-1: Hydraulic test bench 

 

The following list of components were involved in the experimental work: 

• AC-motor (maximum power: 7.5-kW) 

• Variable displacement piston pump (maximum pressure: 400 bar) 

• Tank (maximum capacity: 80 liters) 

• Variable frequency drive 

• Throttle valve 

• Flow meter 

• Pressure sensors  

• Temperature sensor  

• dSPACE DS1103 controller  

• ADC – DAC signal board   

• Power supplier 
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• Desktop computer 

4.1 AC-motor and pump 

AC-motor and pump are used to transform the mechanical shaft power to fluid power. The 

main idea of using the AC-motor and not a wind turbine is for obvious reason such as the 

laboratory environment is not suitable to test a wind turbine’s performance unless a wind 

tunnel is used which would be very expensive and out of scope for this research. Thus, the 

motor is controlled via dSPACE controller in such a way that it could mimic the performance 

of a wind turbine. The AC-motor used in the operation is a 7.5-kW ABB (ASEA Brown & 

Boveri) motor attached via a single shaft to a variable displacement axial piston pump shown 

in Figure 4-2. The maximum pressure of the pump is up to 400 bar and displaces around 

20.5 cubic centimeters of fluid per shaft revolution. The maximum shaft speed of the motor 

and the pump is 1500 revolutions per minute.  

The mechanical output power of the motor is: 

𝑃𝑜𝑢𝑡 = 𝑇𝑚 𝜃𝑚 (4-1) 

Where, 𝑇𝑚 is the torque produced by the motor and 𝜃𝑚 is the shaft speed. Equation  (4-1) is 

analogous to equation (3-5) which is the turbine output power in real case.  

The hydraulic power produced by the pump is: 

𝑃ℎ𝑦𝑑 = Δ𝑃𝑄𝐿 (4-2) 

Where, Δ𝑃 is the difference in the pressure between the suction side and the tank side in bars 

and 𝑄𝐿 is the amount of flow through the motor in liters per minutes (𝑙/𝑚𝑖𝑛) (Merritt, 1986). 

The pump flow rate is obtained by equation: 

𝑄𝑝𝑢𝑚𝑝 = V𝑔𝑛  (4-3) 

Where, 𝑉𝑔 is the geometric volume of the pump which is 0.000025 cubic meters per second 

and 𝑛 is the speed of the pump in 𝑟𝑎𝑑/𝑠𝑒𝑐. 
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Figure 4-2: Bent axis piston pump  

 

 

Figure 4-3: 7.5-kW ABB motor attached with a variable displacement pump 
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4.2 dSPACE control system 

The dSPACE DS1103 control hardware along with the schematic of complete development 

process is shown in Figure 4-5. Basically, the dSPACE is a platform used to test any physical 

system’s performance in real time. In other words, it can be called as a rapid prototyping 

tool which helps to connect the virtual model built in Simulink for instance, directly to the 

actual system in real time with a smallest possible error. The main advantage of using 

dSPACE is that it’s hardware, which is composed of several real-time processors which can 

easily be integrated into Simulink and offers a toolbox with enormous number input / output 

options.  

 

 

Figure 4-4: real-time control development process with dSPACE DS1103 

(www.dspace.com, n.d.) 
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Figure 4-5 presents the complete block diagram of DS1103 hardware unit. 

 

 

Figure 4-5: block diagram of dSPACE DS1103 hardware unit (Catalog DS1103, 2003) 

 

Along with dSPACE controller, to communicate with the real world, Analog to Digital 

(ADC) and Digital to Analog (DAC) hardware board is used for signal processing where, as 

per the test requirements 4 outputs are calculated, which are pressures 𝑃1 and 𝑃2 in bars, 

flow 𝑄 in (𝑙𝑖𝑡𝑟𝑒𝑠/𝑚𝑖𝑛), temperature of the hydraulic fluid in degree Celsius and motor shaft 

speed in revolutions per minute.  
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4.3 Pressure relief valve 

Valves play a vital role in controlling a fluid passing through any path. In doing so, control 

valves regulate the amount of fluid flow by constricting the orifice area thereby creating a 

drop in the pressure. This pressure drop consequently generates heat which can be utilized 

for heating any space. 

The valve used in the experiment is a manually operated pressure relief valve as shown in 

Figure 4-6. The main purpose of using this valve is to limit the fluid pressure generated in 

the high-pressure lines. Moreover, the size of the valve opening will also determine the 

amount of torque required by the pump to rotate and do useful work, and this pump torque 

would resist the rotation of the turbine as the turbine and the pump would be connected via 

same shaft as in the case of the experiment where an AC-motor is replaced by a physical 

wind turbine.  

The operation of the valve was carried out by manually rotating the knob anticlockwise to 

open and clockwise to close. The performance of the system is largely affected for every 

small turn and this consequently determines the overall performance of the wind turbine. 

The orifice area can be measured using the equation: (Handroos and Vilenius, 1991) 

𝐴𝑜 =
𝑄

𝐶𝑑√
2

𝜌𝑜𝑖𝑙
(𝑃1 − 𝑃2) 

  
(4-4) 

Where, 𝐴𝑜 is the orifice area in 𝑚2, 𝑄 is the fluid flow in 𝑚3/𝑠, 𝐶𝑑 is the discharge 

coefficient which is a non-dimensional number, 𝜌𝑜𝑖𝑙 is the density of the hydraulic fluid in 

use in 𝑘𝑔/𝑚3 and (𝑃1 − 𝑃2) is the pressure difference between the suction port and 

discharge port in bars. 

Including equation (4-4), another most widely used flow coefficient parameter involving 

relationship between pressure drop and the flow is: (Tullis, 1989) 

𝐶𝑣 = 𝑄√(
𝑠𝑔

(𝑃1 − 𝑃2)
 (4-5) 

Where, 𝐶𝑣 is the flow coefficient (dimensionless) and 𝑠𝑔 is the specific gravity of the fluid. 

Therefore, the thermal power produced due to the pressure drop across the valve orifice is: 

𝑃𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝑄(𝑃1 − 𝑃2) (4-6) 
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Figure 4-6: Pressure relief valve used in the experiment. 

 

The schematic of the valve with dimensions is shown in Figure 4-7 

 

Figure 4-7: diagram of DV-16 needle valve with top, sectional, and front view (Valves, 

2000) 
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Table 1: FLUTEC NG-15 flow control valve dimensions (Valves, 2000) 

 

4.4 AC Frequency drive 

The adjustable ABB frequency drive is used in the experiment to provide the AC electrical 

power to the motor. It regulates the operation of the motor such that the motor converts the 

electrical signals to mechanical power in the form of shaft speed and torque. The 

characteristics of a frequency drive is based on a combination of a particular motor working 

in tandem with a particular controller having similar characteristics and capabilities. Figure 

4-8 shows the drive used to control the motor. The datasheet of the drive is mentioned in 

Table 2. The frequency drive displays the speed of the motor shaft in RPM and the 

percentage of torque applied to it on the screen. The maximum speed of the motor shaft is 

1500 rpm.   
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Figure 4-8: mounting of ABB motor drive on the hydraulic test bench 

 

The motor drive can be controlled in two separate ways: local / manual control and remote 

control.  The remote control is carried out via dSPACE controller in real time.  

In addition to its performance and compatibility with the AC-motor, the motor drive is also 

user-friendly as it displays several information about its process while working in real-time. 

Therefore, the integration between the motor drive along with other control systems and the 

user interface is simple. The user interface in this scenario is basically a person on a desktop 

computer controlling the whole system process on a software in real-time. Figure 4-9 

presents a schematic representation of the entire control process where, process shown in the 

figure is basically a variable displacement pump connected to the motor and the hoses 

joining the pressure relief valve.   
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Figure 4-9: Schematic of a remote control process via user interface (ABB drives. Technical 

guide No. 4, 2011) 

The AC-drive utilizes the technology called Direct Torque Control (DTC) where the 

controlling parameters are: motor magnetizing flux and motor torque (ABB drives. 

Technical guide No. 1, 2011). There are several advantages of using this technology over 

other technologies such frequency control via pulse width modulation (PWM), flux vector 

control etc. which are: 

• The parameters such as torque and flux are directly controlled without the use 

of any modulator to regulate frequency and voltage. 

• It provides precise torque control without any use of feedback devices such 

as encoder or tachometer. Therefore, less costly. 

• Better speed accuracy and faster toque control.  

• Low noise environment and less down time.    

• Easy and accurate mounting on walls or attaching to AC-systems (ABB 

drives. Technical guide No. 1, 2011).  

 

Figure 4-10 shows the control loop of the drive with the implementation of DTC.  
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Figure 4-10: Control loop of an AC drive using direct torque control (DTC) technique. 
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Table 2 below provides the technical specifications of the ABB motor drive  

 

Table 2: ABB motor drive data sheet (ABB drive Specifications, n.d.) 

General information  

Global Commercial Alias  ACS880-01-017A-3 

Product ID 3AUA0000107991 

ABB Type Designation ACS880-01-017A-3 

Catalog Description 

ACS880-01-017A-3. Pcont.max: 7.5kW. 

Icont.max: 16A 

Technical 

Enclosure class IP21 

Frequency (f) 50/60 (+ / -5%) Hz  

Input Voltage (Uin) 380…...415V 

Mounting Type Wall-mounting 

Number of Phases 3 

Output current, Heavy-Duty use 12.6A 

Output current, Light-Overload 

use 16A 

Output current Normal use 17A 

Output power, Heavy-Duty use  5.5kW 

Output power, Light Over-head 

use 7.5kW 

Output power, Normal use 7.5kW 

 

4.5 Sensors 

This section explains several types of sensors used in the experiment to obtain the output 

results connected to the ADC port of the signal board. Three different sensors were used to 

calculate the parameters of the hydraulic system: pressure, temperature and flow.  

4.5.1 Flow meter  

The flow meter used to measure the amount of flow per unit time passing through the 

hydraulic circuit is a KRACHT gear type flow meter shown in Figure 4-11. 
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The operation of the flow meter is such that the flow drives the gears inside the casing shown 

in Figure 4-12. The gears run without coming in contact inside the housing and the 

movement of both the gears are sampled with the help of two sensors located at two opposite 

sides. As the gear rotates by one tooth pitch the signal emitted by the sensor resembles to the 

geometric volume of the tooth. The pre-amplifier used converts the signal into square waves 

(Kingsley Chima, 2015). 

 

 

Figure 4-11: KRACHT flow meter used in the experimental set-up 

 

Figure 4-12: Operation of the gear flow meter (Kracht GmbH, 2012) 
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  The construction of the flow meter shown in the Figure 4-12 includes 1: Housing, 2: Cover, 

3: Gear, 4: Pre-amplifier, 5: Connector, 6: Sensor, 7: Bearing assembly (Kracht GmbH, 

2012).  

The general and the working characteristics of the flow sensor are mentioned in Table 3 and 

Table 4 respectively. 

 

Table 3: General characteristics of the flow sensor (Kracht GmbH, 2012) 

General characteristics  

Design  gear motor  

Connection type 

plate mounting / pipe 

connection 

Mounting 

position optional 

Flow direction  optional 

Viscosity 

1….1.000.000 cSt, 

 (according to series)  

Max. pressure 

drop ∆pmax = 16 bar / 230 psi 

 

Table 4: working characteristics of the flow sensor (Kracht GmbH, 2012) 
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4.5.2 Pressure sensor 

The purpose of using pressure sensors in the experiment is to measure the pressure of the 

hydraulic fluid before and after the valve orifice as shown in the Figure 4-11, placed at each 

sides of the flow meter. The sensors give the measurements in voltage but, to convert the 

value into the standard units of pressure which is bars, the conversion is: 1 volt equals 25 

bars. Hence in the simulation model in Simulink, a gain of 25 is multiplied with the ADC 

block of pressures 𝑃1 and 𝑃2. In the set-up, pressure 𝑃1 is the inline pressure which is, the 

pump pressure and 𝑃2 is the tank pressure, and the difference between the two pressures is 

used to calculate the pump torque and the thermal power produced in the hydraulic system 

during the simulation time. The sensors used were Hydac I 3845 as shown in Figure 4-13. 

 

Figure 4-13: Hydac 3845 pressure sensor (Kingsley Chima, 2015) 

 

Table 5: Data sheet of HYDAC HDA 3845 pressure transducer (HYDAC. HDA 3000, 

n.d.) 

Sensor specifications   
Measuring ranges - Bar 6, 16, 60, 100 250, 400, 600 

Overload pressure - Bar 15, 32, 120, 200, 400, 800, 100 

Burst pressure - Bar 100, 200, 300, 500, 1000, 2000, 2000  

Mechanical connections G1/4A DIN 3852 male 

Tightening torque  Approx. 15 lb-ft (20 Nm) 

Rise time  ≤ 0.5 ms 

Long term drift ≤ ± 0.1 % FS type. / year 

Life expectancy 10 million load cycles (0 to 100 % FS) 

Weight  180 g 

Environmental condition  

Storage temperature range -25  ̊to 85 ̊ C 

Compensated temperature range  -40  ̊to 85 ̊ C 
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Operating temperature range  -40  ̊to 100 ̊ C 

Media temperature range  -40  ̊to 100 ̊ C 

Electrical specifications  

Supply voltage  2-wire: 10 to 30 VDC 

Residual ripple supply voltage  3-wire: 12 to 30 VDC 

Max supply current, 3-wire ≤ 5 % 

Reverse polarity protection of the 

supply voltage, excess voltage, 

override and short-circuit protection 

standard 

 

4.5.3 Temperature sensor 

The temperature sensor shown in Figure 4-14 is used in the set-up to measure the temperature 

of the fluid exiting the throttle valve into the return pressure line. However, in this research 

only one temperature sensor is used unlike in the previous work where, two sensors were 

used – one, right after the orifice and the other in the exit line of the heat exchanger with 

which the dissipated heat was measured by obtaining the difference in the temperature. The 

technical specifications of the sensor are mentioned in  

Table 6.  

 

Figure 4-14: Hydac ETS 300 temperature sensor (Ets et al., n.d.) 
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Table 6: Specifications of Hydac ETS 300 temperature sensor (Ets et al., n.d.) 

Input Data  

Measuring range  -25…. +100°C 

Probe length 18 mm 

Probe diameter  6mm 

Pressure resistance 600 Bar 

Mechanical connection G1/2 A ISO 1179-2 

Tightening torque recommended 45 Nm 

Output data  

Switching outputs  

1 or 2 PNP transistor outputs 

Switching current max. 1.2 A per switching 

output. Switching cycles: ˃ 100 million  

Analogue output permitted load resistance  

4….20mA; load resist max 40 ohm  

Corresponds to -25…+100°C 

Accuracy (at room temperature) ≤ ± 1°C (≤ ± 2°F) 

Temperature drift (environment) ≤ ± 0.015 % FS / °C max. 

Repeatability ≤ ± 0.5 % FS max  

Environmental conditions   

Operating temperature range -25……+80°C 

Storage temperature range -40……+80°C  

Vibration resistance according to 

DIN EN 60068-2-6 (0….500 Hz) 

≤ 10 g 

Shock resistance according to 

DIN EN 60068-2-27 (11 ms) 

≤ 50 g 

Protection class according to DIN EN 60529 IP 65 

Other data  

Supply voltage  20…32 V DC 

Residual ripple of supply voltage  ≤ 5 % 

Current consumption 100 mA without switching output  

Display 

3-digit, LED 7 segment, red, height of digits 

8.4 mm  

Weight  300 g 

 

4.5.4 Hydraulic oil  

Hydraulic oil plays a vital role in the performance of all the components as it ultimately helps 

transmit the power in the system. The application range from lubrication of contact surfaces, 

cooling, and cleaning the system (Rabie, 2009). The advantages of using oil as a working 

fluid and not water although it was the first fluid to be used for power transmission is due to 

its very high range of working temperature and pressure, less prone to rusting, high 

capability of lubrication etc. However, it does have a drawback of flammability but 
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nowadays fire-resistant oil with several types of additives are available which makes it the 

best choice for hydraulic systems in almost all the applications. 

Moreover, viscosity is one of the most important characteristics of any fluid moving with 

respect to any surface. It determines the amount of resistance a fluid can offer between two 

moving elements. The hydraulic oil used in the experiment was Ultramax HVLP 46. The 

characteristics of the oil is mentioned in Table 7 

 

Table 7: Properties of Ultramax HVLP 46 oil (Valvoline, 2011) 

Ultramax HVLP 46 

Color, ASTM D - 1500 1.5 

Viscosity (𝑚𝑚2/s) at 100 ͦ C, ASTM D - 45 8.1 

Viscosity (𝑚𝑚2/s) at 40 ͦ C, ASTM D - 45 46 

Viscosity Index ASTM D - 2270 148 

TAN; mg KOH/g, ASTM - D664 0.6 

Pour point, ͦ C -45 

Specific Gravity at 15.5 ͦ C, ASTM D - 4052 0.858 

Flash Point, COC, ͦ C. ASTM D - 92 225 

 

 

Viscosity Index (VI) is one of the essential properties of any oil as it gives an idea about how 

much change in temperature would affect its viscosity. The effect is measured in numbers in 

industries (Rabie, 2009). A large value of viscosity index means the oil is less affected with 

the change in temperature. Similarly, a very low value of VI means the oil is not suitable for 

a wide operating temperature range. Figure 4-15 shows the viscosity – temperature chart for 

several types of hydraulic oils for temperature less than 40 degrees. Also, Figure 4-15 is an 

idealized reference plot for HL, HLV and HLVD type hydraulic oil. The plot would vary as 

per the requirements.  
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Figure 4-15: Viscosity – temperature behaviour of HL, HLP and HLPD hydraulic oil 

("Hydraulic fluids", n.d.)  

4.5.5 Hydraulic tank 

The hydraulic tank used in the test bench has a capacity of 80 liters and serves as a fluid 

storage equipment. The initial temperature of the oil inside the tank is maintained around 

17-20 degrees Celsius. However, as the pumping of flow is a continual process, the heat 

generated by the fluid due to the constriction in the throttle valve is accumulated in the tank 

thereby, increasing the temperature of the tank. Typically, the temperature sensor used in the 

set-up is placed after the relief valve, therefore, the temperature of the fluid observed at that 

point is the actual rise in the temperature of the oil but, the temperature noted in the indicator 

on the tank is always less due to continuous mixing between the oil flowing through the 

circuit and the oil stored in the tank.    
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4.6 Turbine model under consideration 

The turbine model investigated in the experiment is a horizontal axis Aeolos wind turbine 

with a 10kW rated power as shown in the Figure 4-16. The reason for using a 10-kW turbine 

is because the maximum power of the AC-motor in the experimental set-up used to mimic 

the turbine in real time is of 7.5 kW. So, to test the system close to its maximum output range 

and calculate the thermal power generated in the throttle orifice due to the pressure drop 

such a decision is made. The configuration of the turbine is mentioned in Table 8. 

 

 

 

 

Figure 4-16: Aeolos 10-kW horizontal axis wind turbine (Aeolos Wind Turbine, n.d.) 
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Table 8: technical specifications of the Aeolus turbine (Aeolos Wind Turbine, n.d.) 

Turbine Characteristics  

Turbine   

Rated power 10 kW 

Maximum power 13 kW 

Start-up wind speed 2.5 m/s (5.6 mph) 

Rated Wind speed  10 m/s (22.3 mph) 

Survival wind speed 50 m/s (111.8 mph) 

Design life time  20 years 

Overall weight  520 kg (1146.4 lbs) 

Rotor 

Rotor diameter area 8.0 m (26.2 ft) 

Swept area  50.2 m2 (538.9 ft2) 

Rotor area 180 rpm 
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5 RESULTS & DISCUSSIONS 

This chapter presents the laboratory test results of the real-time experiment where, the AC-

motor is emulated to produce the characteristics of a horizontal axis wind turbine. Initially, 

the wind turbine model was developed in Simulink as shown in the Figure 5-2. The input to 

the turbine model is wind generated using a signal block from the Simulink library. This 

wind power produces a torque essential to start the motor and the pump attached to a 

common shaft. The Digital-to-Analog converter (DAC) block shown in the Figure 5-2 is the 

input supplied to the torque-controlled frequency converter via dSPACE controller and the 

rotational speed produced by the motor is fed back to the turbine model with the help of 

Analog-to-Digital converter (ADC) block.  

The wind data was generated for 400 seconds as shown in the Figure 5-1 to test the model 

in ControlDesk – an embedded software of dSPACE for testing applications such as 

Hardware-in-the loop simulation, rapid prototyping etc.  

 

 

Figure 5-1: real-time wind data in ControlDesk  

 

The wind signal generated during recording in ControlDesk showed variations compared to 

the signal generator in Simulink which was exactly designed to run for 400 seconds.  
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Figure 5-2: Virtual wind turbine model integrated with the real-time interface (RTI) in 

Simulink. 

 

Emphasis is laid on the valve orifice area while testing the system as its opening enables the 

flow to circulate through the circuit. The size of the opening determines the rotational speed 

of the motor which was set not to exceed above 180 revolutions per minute as it is the 

maximum allowable speed of the chosen turbine. 

5.1 Power coefficient versus the tip speed ratio 

 As the maximum power of the rotor is 7.5 kW, the corresponding wind speed at which the 

maximum power was obtained is around 8 to 9 m/s. The power coefficient (𝐶𝑝) which is a 

function of tip speed ratio is plotted as shown in the Figure 5-3. The 𝐶𝑝 – 𝜆 curve is one 
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single curve for a particular design characteristic of a turbine. This curve would remain the 

same even if the wind speed changes unless the pitch angle 𝛽 is kept constant because 

changing the pitch angle would change the aerodynamic characteristic of a turbine. Here, in 

Figure 5-3, the pitch angle is zero which can be verified from Figure 5-2, and this validates 

when compared with the 𝐶𝑝 − 𝜆 curve of MathWorks presented in Figure 3-1 where, the 

maximum power coefficient is found to be 0.48 for the optimum tip speed ratio of 8.1.    

 

 

Figure 5-3: Power coefficient (𝐶𝑝) vs the tip speed ratio (𝜆) curve 

 

Also, the 𝐶𝑝 − 𝜆 curve for 15 degrees pitch angle is analyzed to compare with Figure 3-1. 

The expected result for the tip speed ratio of 6 when compared with the MathWorks model 

showed an accurate result as shown in the Figure 5-4. The reason for presenting the 𝐶𝑝 − 𝜆 

relation for two different pitch angles of the turbine is to show that the power produced by 

the turbine for the same valve orifice area is different since the power coefficient has 

drastically dropped to below 0.2. Other parameters such as the rotational speed of the turbine 

with changing wind speed is presented in the subsequent sections.  
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Figure 5-4: 𝐶𝑝 − 𝜆 curve for 15 degrees pitch angle 

5.2 Variations in the rotational speed of the turbine 

The rotational speed of the turbine is proportional to the wind speed but only up to certain 

limit where the turbine’s rated characteristics are reached. In the experiment, it was observed 

that at certain point the rotational speed of the turbine remained constant with varying wind 

speed. This is because the inertia involved in rotating the pump with the fluid constricted 

due to the valve settings is considerably high enough to change the rotational speed of the 

turbine with the set wind speed shown in Figure 5-1. However, a slight change in the orifice 

diameter reduce the pump torque which in turn lowers the inertia of the turbine. Thereby, 

increasing the rotational speed. 

Figure 5-5 presents the dynamics of the system with respect to changing wind speed and its 

effects on the turbine power. As we can see from Figure 5-5 and Figure 5-6, the maximum 

speed of the rotor in rpm is achieved at wind speed equal to 6 m/s and remain constant with 

changing wind speed up to 8 m/s.  
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Figure 5-5: Turbine power (watts) vs the rotor speed (rpm) 

 

 

   

Figure 5-6: Turbine speed (rpm) vs wind speed (m/s) for 𝛽 = 0𝑜 
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Figure 5-7 presents the graph of turbine power against the tip speed ratio (𝜆). We can notice 

that the maximum turbine power of 7.5 kW is measured close to the optimum value of the 

tip speed ratio which is 8.1.  This proves that the characteristics of the chosen Aeolos turbine 

provides a realistic result when coupled to a hydraulic pump. 

 

 

Figure 5-7: Turbine power vs the tip speed ratio  

 

However, when the pitch angle 𝛽 is changed to 15 degrees, the turbine attains its maximum 

speed at considerably higher wind speeds as shown in the Figure 5-8. 
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Figure 5-8: turbine speed (rpm) vs wind speed (m/s) for 𝛽 = 15° 

 

This performance is observed for the same valve orifice area which was estimated to be 

around 1.5 millimeters as it was for the previous case when the pitch angle was zero degrees 

and the turbine performed in its optimum operating condition. 

5.3 Turbine power  

The turbine power is a function of power coefficient which is dependent on the tip speed 

ratio of the rotor. To obtain the maximum turbine power of 7.5 kW the valve orifice is 

adjusted accordingly. The power output obtained from the experiment matches with the 

power output of the real Aeolos wind turbine shown in the Figure 5-9 and Figure 5-10 

respectively.  
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Figure 5-9: Turbine power vs wind speed 

 

 

 

Figure 5-10: Turbine power (Watts) vs wind speed (m/s) of real Aeolos turbine (Aeolos 

Wind Turbine, n.d.) 
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For the pitch angle of 15 degrees the turbine power versus the wind speed graph is shown in 

Figure 5-11. The rated wind speed is 10 m/s for which the power produced is 6 kW.  

 

Figure 5-12 presents the turbine power with respect to the tip speed ratio for 15 degrees pitch 

angle. Also, there is a significant deterioration in the performance of the turbine due to the 

fact that the aerodynamic characteristic change completely by changing the pitch angle. 

Higher pitch angles cause the turbine blade to stall which is some phenomena where, the lift 

falls rapidly even with increasing wind speed and eventually loss in the turbine output power. 

 

 

 

Figure 5-11: turbine power (Watt) vs the wind speed (m/s) 
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Figure 5-12: Turbine power vs the tip speed ratio (TSR) 

 

Theoretically, the opening of the valve orifice should allow the flow to pass through the 

circuit without any hindrance as there is no significant amount of constriction offered while 

manually controlling the valve. Also, the performance of the hydraulic system during manual 

control meaning, when the motor is not emulating the wind turbine is observed to be normal. 

However, when the turbine model is deployed into the system and it is run in real-time, only 

for few turns of the valve orifice the motor emulated the wind turbine. Otherwise, even after 

fully opening the valve the pump experienced jerks during pumping and no useful power 

were able to obtain in those opening range of the orifice. 

5.4 Thermal power of the system  

The thermal power of the system is obtained from the product of pressure difference and 

flow (see (3-2). The graph shown in Figure 5-13 represents the thermal power curve with 

respect to changing wind speed. During the simulation time of 400 seconds, the thermal 

power increment in the hydraulic system due to the continuous flow of the hydraulic oil was 

noticed and was found to be considerably low compared to the increasing power of the 

turbine. The probable cause for the record of low thermal power is the limitation of the 

system which in turn, imposed restrictions in setting the maximum allowable power for the 

turbine.  
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Also, higher wind speeds impact the thermal power generation of the system due to high 

torque value, but as the rated wind speed was around 9 m/s the thermal power obtained for 

the corresponding wind speed is approximately 100 Watts. Similarly, the temperature of the 

fluid immediately after the valve orifice was observed to be around 28 degrees Celsius. 

However, further verification proved that the temperature increased gradually up to 35 

degrees Celsius when the system continued running after the end of the recording time as 

there was a continuous heating of the fluid until the system finally stopped. Figure 5-14 

presents the thermal power curve for the pitch angle of 15 degrees. It was found to be even 

lesser than the previous result for 𝛽 equal to zero which was expected. 

 

 

 

Figure 5-13: Thermal power vs wind speed for 𝛽 = 0°  
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Figure 5-14: Thermal power vs wind speed for 𝛽 = 15° 

 

In the previous work carried out by Chima the thermal power curve with respect to the total 

simulation time for different valve settings was simulated for 1800 seconds, but a significant 

amount of thermal power increased only after 1000 seconds. The main reason for this is the 

amount of constriction set in the valve orifice to create a significant pressure drop for heat 

generation. However, in this work, the simulation raster is set for only 400 seconds due to 

which not enough thermal power was generated, but since an increasing trend of thermal 

power was observed with respect to time; therefore, a larger time raster may increase the 

heat due to continuous flow and thereby a possible increment in the thermal power. 
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5.5 Discussions 

The primary purpose of this experimental work is to test a new concept of house heating 

system by coupling a horizontal axis wind turbine (HAWT) directly to a hydraulic pump and 

generate thermal power with the help of pressure drop across the valve orifice. This HAWT 

in the test bench is an AC-motor emulated to perform as a turbine by adhering to certain 

realistic parameters of the chosen turbine mentioned in appendix 1. With the help of 

hardware-in-the-loop simulation, the performance of the test bench is analyzed. Such kind 

of work had been undertaken previously once with only virtual simulation, and another with 

a real time experiment but with a Savonius rotor which is one of the kinds of a vertical axis 

wind turbine (VAWT).    

In this discussion, comparison is made with the previous experimental work carried out by 

coupling the virtual simulation model of Savonius rotor with the Integrated Electro-

Hydraulic Energy Converter (IEHEC) motor. The amount of thermal power obtained in this 

work corresponding to the turbine power at rated wind speed of 9 m/s is significantly less 

because the set simulation time is not high enough to heat the hydraulic fluid in the system. 

Data sampling adjustments needs to be analyzed to increase the raster time and to be able to 

acquire a large amount of data in Matlab during recording. 

Moreover, manual adjustments of the valve orifice beyond a certain point created jerks while 

the motor and pump were in operation. This in turn, affected the whole parameters. The 

sensors associated to flow 𝑄1 and pressures 𝑃1 and 𝑃2 reflected negative values due to the 

jerk in the pump and the motor. Therefore, the system performed in the optimum condition 

in a very minuscule range of valve turns unlike in Kingsley’s work where the range of the 

valve orifice diameter and the real-time simulation raster is considerably larger due to which 

a significant amount of thermal power was observed. 

Commissioning of the system requires detailed analysis regarding every component 

involved in the system. The complications faced during the simulation needs further 

investigation on setting a large simulation period so that a thorough verification can be done 

on the performance of hydraulic system especially the valve in question because continuous 

flow for a longer period would create a high temperature increase, thereby a high thermal 

output power.  

Moreover, a solenoid operated proportional valve should be tested instead of manually 

operated relief valve to set the optimum operating conditions of the orifice area based on the 
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varying wind speed by itself. During manual operation, several times the optimum opening 

point of the valve is missed due to which irregularities occur in the pumping of fluid.   
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6 CONCLUSIONS 

This research work presents a different approach to what has already been experimented 

before. A novel house heating concept utilizing horizontal axis wind turbine emulated by an 

AC-motor coupled with a variable displacement pump. The approach was made by choosing 

a real wind turbine whose power output would range close to the maximum power output of 

the AC-motor.  

It was observed that for wind speeds of around 8 to 9 m/s maximum power of 7.5 kW is 

obtained which also closely match with the real Aeolos wind turbine’s power output curve. 

This proves that the chosen 𝐶𝑝 − 𝜆 characteristics curve to emulate the AC-motor as a 

horizontal axis wind turbine fits well with the design parameters of the Aeolos turbine.  

However, mathematically, the mechanical power output of the turbine increases cubically 

with increasing wind speed, but the design limitations and maximum output power capability 

of each turbine is pre-set and can be operated only within the zone of certain wind speed. 

Beyond this zone, which in this experimental work, is noticed to be around 9 m/s, is not 

suitable for the chosen turbine to withstand the amount of force the wind would impose. 

Therefore, for the rated power of 7.5-kW the rated wind speed is 9 m/s. 

The thermal power obtained during the simulation was measured to be around 100 Watts 

which is significantly low. As the simulation raster was set to 400 seconds and was not able 

to increase further due to the limitations in data acquisition, the set time was not found to be 

sufficient to heat the hydraulic fluid in use. However, the pattern of the thermal power graph 

showed an increasing trend with increasing wind speed. Therefore, an increase in the 

simulation time would probably increase the thermal power of the hydraulic system, thereby 

generating a significant amount of heat. 

The valve orifice area which plays a vital role in the generation of heat was observed to be 

operating in optimum condition for only 2 turns unlike in the previous work where it was 

operating fine for multiple turns. Further investigation needs to be carried out to find 

different operating orifice diameter range for the valve in use.  
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